Abstract: Through remote forces, levitating micro-actuators completely eliminate mechanical attachment between the stationary and moving parts of a micro-actuator, thus providing a fundamental solution to overcoming the domination of friction over inertial forces at the micro-scale. Eliminating the usual mechanical constraints promises micro-actuators with increased operational capabilities and low dissipation energy. Further reduction of friction and hence dissipation by means of vacuum leads to dramatic increases of performance when compared to mechanically tethered counterparts. In order to efficiently employ the benefits provided by levitation, micro-actuators are classified according to their physical principles as well as by their combinations. Different operating principles, structures, materials and fabrication methods are considered. A detailed analysis of the significant achievements in the technology of micro-optics, micro-magnets and micro-coil fabrication, along with the development of new magnetic materials during recent decades, which has driven the creation of new application domains for levitating micro-actuators is performed.
Introduction
Micro-Electro-Mechanical Systems (MEMS) have been used in an ever-increasing number of applications due to the remarkable progress in the processing of silicon as a traditional mechanical material for MEMS [1] , but also in developing new materials and technological processes for micro-machining. Miniaturization, as one of the main features of MEMS technology, offers a multitude of advantages. For instance, current micromachined inertial sensors can be easily incorporated into human clothing to provide autonomous navigation parameters, disappearing in the weave of the cloth [2] . A micro-sensor can be embedded comfortably and gently into a human body to monitor certain medical parameters continuously [3] . Micro-objects can be much more gently handled, precisely transported and accurately released by micro-manipulators and micro-transporters than their macro-scale counterparts [4] .
The small resulting size of a system is a very attractive achievement of MEMS technology. However, shrinking the size enhances the complexity of individual elements of the entire system in contrast to their macro-counterparts and, consequently, requires new approaches for designing micro-devices, for example to account for scaling effects [5] . Moreover, the issues related to friction and sticking in micro-systems have not yet been solved completely and currently set the limit to performance of many micro-sensors and actuators. An indisputable solution is electro-magnetic levitation [6] . Although different physical mechanisms can be used to realize the levitation, such as a jet of gas, or intense acoustic waves, only electro-magnetic levitation can avoid reliance on an intermediate medium to act Concepts of levitating micro-actuators (F is the generated force by the actuator; m is the mass of the levitated micro-object; g is the gravity acceleration): (a) the levitating micro-actuator acting on the environment; (b) the levitating micro-actuator acting without targeted environment.
The main issue in employing levitation in an LMA is related to stability or stable levitation, which provides a means for the classification of LMA. Stable levitation signifies that a levitated mass is restored to rest when it is slightly displaced in any linear and angular direction from an equilibrium position. According to the Earnshaw theorem [18] , the stable levitation of a body located in a static force field, in which the generated force acting on the body is dependent on the distance by the inverse square law, is impossible. The force fields produced by systems of charged particles and magnetic dipoles are the simplest examples of such systems, for which stable levitation is impossible. In other words, the potential energy (stored energy) of such systems does not possess a local minimum at the equilibrium state.
However, if the linear and angular displacements of the levitating object can be measured by sensors, and thus the received signals can be used to change the energy flux generated by the force field, choosing the right law of control (closed loop control) makes stable levitation in systems having inverse square force law possible. Stable levitation based on closed loop control is called active levitation. A static magnetic field can imitate the control system if the levitated mass is, for instance, diamagnetic or superconducting. In addition, using dynamic phenomena such as, for instance, a resonant circuit driven by an AC voltage source and oscillatory electric field, both conducting micro-objects [19] and charged particles [20] can be stably levitated. The levitation mode that overcomes the restrictions of the Earnshaw theorem, without using closed loop control, is called passive levitation.
The use of either active or passive levitation has its own advantages and disadvantages. Nevertheless, the principal difference between both techniques is that the first one requires displacement sensors to control all motion of the levitated mass, and the latter is not constrained in the same way. Both levitation techniques are widely employed in LMAs. Using this feature, and depending on the source of the applied field force, levitating micro-actuators can be classified as electric, magnetic, inductive, diamagnetic, superconducting and optical. The combination of different force fields has established a method of further improving the performance and operating capabilities of LMAs. This review adds an additional item in the classification list termed hybrid levitation micro-actuators.
Electric Levitation Micro-Actuators
In 1990, the electric levitation micro-actuator (ELMA) based on passive levitation was proposed by Kumar et al. as a solution of the friction problem in MEMS actuators [19] . Using a tuned inductance, capacitance, resistance (LCR) circuit, necessary conditions for open-loop stable levitation of a micro-disc and its dynamics were analyzed. The authors analyzed two designs having a single and dual stator (see Figure 2a ,b) and considered their potential application in micro-motors and bearings. Then, in 1992, the single-stator design for an application as micro-bearing was successfully experimentally studied by levitating a micro-plate having a thickness of 180 µm [21] . The actuator was able to generate a force up to 0.2 µN along the vertical axis. Then, using a similar single-stator design of ELMA as shown in Figure 2a , but with an active approach for levitation, Higuchi's group from the University of Tokyo electrically suspended an aluminium disk [22] and a glass plate [23] . Later, adding a variable-capacitance actuation principle to the actuator based on this single stator design, the same group suspended and linearly transported a silicon wafer [24] , and demonstrated a motor in which a rotor was revolved with a speed of 60 r.p.m. by applying a rotational torque of 8.6 µN m [25] .
In 1994, SatCon Technology Co. developed and successfully demonstrated a prototype of a rotating micro-gyroscope as proof of concept [26] . In this prototype, a rotor disc having a diameter of 200 µm was driven by multi-phase radial torque actuation. Employing an active approach for stable levitation, the gap between the levitated disc and surrounding electrodes was 2 µm. The small distance made it possible to generate a drive torque of 10 −11 N m by applying a nominal drive actuator potential of 5 V. This concept of actuation and its application in micro-motors [27] [28] [29] , gyroscopes [30] [31] [32] [33] , multi-inertial sensors [34, 35] and accelerometers [36] [37] [38] [39] , was further improved by other research groups in terms of micro-machining fabrication and signal conditioning. As a result, in 2005, an electrostatic micro-motor which was able to rotate a 1.5 mm diameter ring-shaped rotor having a speed up to 74,000 r.p.m., was demonstrated by Nakamura [35] . Using Ball Semiconductor technology, Toda et al. electrostatically levitated a Si-sphere with a diameter of 1 mm and applied it as a 3-axis accelerometer [36] . By using an oscillatory electric hyperbolic field (the scheme is shown in Figure 2c ), Post et al. passively trapped a charged gold particle of 7.5 µm diameter [40] . Discussing the potential performance of the prototype for application as an inertial sensor, it was shown how trapping parameters could be adjusted to increase dynamic range, and it was demonstrated that a sensitivity comparable to that of a commercial MEMS device was achievable.
An electric micro-actuator based on active levitation found application in high-temperature containerless materials processing. Rhim et al. used the concept to suspend a zirconium sphere of 2.5 mm diameter in vacuum, and demonstrated multiple superheating-undercooling-recoalescence cycles in the sample (heating the sample up to 2270 K) [41] .
Magnetic Levitation Micro-Actuators
A magnetic levitated micro-actuator (MLMA), proposed for micro-assembly, was presented by Ye et al. in [42] . The fabricated prototype was composed of three layers of silicon and a permanent magnet, and fabricated using micromachining technology. The top layer consisted of a groove and many pairs of small square coils which were used to generate driving forces. The middle layer consisted of a groove which comprised the moving guide of a permanent magnet. A long rectangular coil built on the bottom layer, as shown schematically in Figure 3a , was used to generate the levitating force. The permanent magnet of 1 mm 3 volume was lifted up to 200 µm by generating a levitation force of 20 µN. Dieppedale et al. developed and demonstrated a prototype of MLMA, in which a levitating mobile magnet of 5×40×100 µm 3 volume was used [43] . The prototype employed a bistable actuation principle and was used as a micro-switch. A linear actuator based on active levitation was fabricated and experimentally studied by Ruffert et al. [44, 45] . Using a set of parallel coils as schematically shown in Figure 3b , with a length of the magnetic guide coils of 11.4 mm, a permanent magnet having a length of 4 mm was levitated at a height of 100 µm by generating a repulsive force of 1.5 mN. In 2005, Dauwalter and Ha described the novel concept of a magnetically suspended spinning rotor [46] . The concept was based on a novel, patented, planar magnetic actuator and position sensor configuration, with a rotor that is rotated by a multi-phase electromagnetic spin motor. The authors proposed its potential application as multi-inertial sensors and micro-motors.
Inductive Levitation Micro-Actuators
The first micro-machining prototype of inductive levitation micro-actuator (ILMA) was pioneered and fabricated by Shearwood et al. [47] in 1995. A two-coil design, comprising a nested stabilization and levitation coil as shown in Figure 4a , was fabricated by using surface micromachining technology on a soft magnetic backing plane and was able to stably levitate an aluminium disc having a diameter of 400 µm and thickness of 12 µm. Shearwood et al. demonstrated the actuation by moving the disc along the vertical direction within a range of 30 µm and proposed a potential application of the prototype in micro-inertial sensors, micro-motors and actuators [48] . Then in 1996, modifying the two coil design into a three coil stator, the Shearwood group rotated the disc with a speed of 100 r.p.m. [49] . In the framework of the same work, evaporating a gold layer on the one side of the aluminium disc and then using such a multi-layer proof mass as a micro-mirror, the Shearwood group showed the application of ILMA in adaptive optics. Later in 2000, Shearwood et al. improved the original design of the ILMA by embedding a four phase stator. As a result, in addition to vertical actuation, rotation of a micro-disc with a speed of 1000 r.p.m. was demonstrated [50] . In 2006, Zhang et al. separately fabricated coils for levitation and rotation in one ILMA prototype, and was able to rotate a disc of diameter of 2.2 mm with a speed of 3035 r.p.m. at a height of 200 µm [51] . The main disadvantage of the above ILMA prototypes was a very high operating temperature, rising up to 600 • C [50] due to the planar design of the micro-coils. Proposing a spiral coil design as shown in Figure 4b , Tsai et al. fabricated a prototype that was able to stably levitate a conducting cap-shaped proof mass with an operating temperature of 100 • C [52] .
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Levitated micro-disc . Inductive levitation micro-actuators: (a) two coils design, I is the electric alternate current (AC) [47] ; (b) spiral coil design [52] ; (c) two racetrack-shaped solenoidal 3D wire-bonded micro-coils [17] .
In 2010, the Wallrabe and Korvink groups from the University of Freiburg jointly developed 3D micro-coil technology [9, 10] , which was later utilized to fabricate an ILMA prototype based on a design of two solenoidal micro-coils (see Figure 4a ) with a drastic reduction in heat dissipation [53] . In the framework of this prototype, Wallrabe's group demonstrated stable levitation of a disc having a diameter of 3.2 mm and a thickness of 25 µm, as well as a large increase in actuation range along the vertical axis up to 125 µm by means of changing the AC current in the coils within the range 80 mA to 100 mA. This design was further intensively studied and characterized in terms of stability, dynamics, and electrical performance [17, [54] [55] [56] [57] . In particular, recently Badilita's group at the Karlsruhe Institute of Technology presented a new ILMA design based on 3D micro-coil technology, where the coil structure consists of two racetrack-shaped solenoidal 3D wire-bonded micro-coils, to be used as Maglev rails as shown in Figure 4c [17] . The design allowed an additional translational degree of freedom to the levitated micro-object, and was proposed to be applied as a micro-transporter. A prototype was fabricated and experimentally studied. It was shown that micro-objects with different shapes, such as disc-shaped and plate-shaped platforms could be stably levitated and transported. In 2016, a prototype design with integrated polymer magnetic composite core demonstrated the lowest operating temperature of around 60 • C among all previously reported ILMAs [58] , and indicated the potential for further decrease toward ambient temperatures [59, 60] .
Diamagnetic Levitation Micro-Actuators
In 2004, Lyuksyutov et al. reported the application of diamagnetic-levitated micro-actuators (DLMAs) for on-chip storage and high precision manipulation of levitated droplets of pico to femtolitre volume [61] . The developed magnetic micromanipulation chip consisting of a core with two neodymium-iron-boron permanent magnets (as shown in Figure 5a ) having a size of 10 mm×10 mm× h, where the height h was in the range of 100 µm to 2000 µm, was mounted on a steel substrate containing a set of electrodes. Droplets were moved by current pulses. For measurements, a typical potential well of around 100 µm in width and glycerin/water (15% glycerin by volume) mixture droplets of 6 ± 0.3 µm, 9 ± 0.3 µm and 14 ± 0.3 µm in diameter, were used. Lyuksyutov et al. showed that the stiffness of the restoring force for a droplet of a 6 ± 0.3 µm was around 3.0 ± 0.6 fN µm −1 . Using electroplated CoPt micro-magnet arrays, Chetouani et al. achieved the levitation and trapping of 3 µm-large diamagnetic latex beads and microdroplets of water, ethanol and oil [62] . In 2006, Haguet et al. presented a new technology to handle low-volume droplets without any physical contact. This innovative approach of digital microfluidics is based on the diamagnetic trapping of liquids above permanent NdFeB macro-and micro-magnets [63, 64] . Later, Pigot et al. fabricated an array of micro-magnets of length 1350 µm, having a vertical polarization of 1.2 T, and demonstrated the stable levitation of bismuth particles of 5 µm radius in air, and copper and silicon particles in paramagnetic water [65] . In [66] , Kauffmann et al. proposed an integrated electromagnetic hybrid device combining dielectrophoretic (DEP) forces to control the position of levitating droplets along a magnetic groove. The use of these electrodes as micro-conductors to produce variable magnetic fields for magnetophoretic droplet actuation was considered and compared to dielectrophoretic actuation. (c) Figure 5 . Diamagnetic levitation micro-actuators: (a) two magnet design for levitation of droplet/particle [61, 62, 65, 66] ; (b) four magnet design for levitation of a plate [67, 68] ; (c) the design with a ring and disc shaped magnets [69, 70] .
Garmire et al. considered the application of DLMA as inertial sensors and demonstrated a proof-of-concept of a diamagnetically levitated micro-accelerometer, in which a plate consisting of a pyrolytic graphite and silicon layer of 6 and 20 µm thickness, was levitated by a set of four micro-magnets with the design shown in Figure 5b [67] . Using a similar magnet design, Ando et al. demonstrated an inductive readout to measure the linear displacement of a levitated square graphite plate [68] . In 2015, Su et al. levitated a 600-µm-thick micro-disc, which was micro-patterned from highly oriented pyrolytic graphite as a strong diamagnetic material, to a height of 132 µm by using a ring and disc-shaped magnet design as shown in Figure 5c . The magnet had an outer diameter of 3.175 mm and inner diameter of 1.588 mm [69, 70] . The application of DLMA in nanoforce sensors was studied theoretically and experimentally by Abadie et al. in [71] , where the authors demonstrated a prototype of their sensor with a bandwidth of 4 Hz and a resolution of 5 nN.
Superconducting Levitation Micro-Actuators
In 1989, Kim et al. utilized magnetic levitation using the Meissner effect and presented a new type of superconducting micro-actuator of the order of 100 µm in size [72, 73] . The slider and the stator of the actuator consisted of linear arrays of vertically magnetized permanent magnet and superconductor strips. The authors showed that when the slider is levitated at 50 µm upon maintaining the operating temperature at 90 K, maximum values of driving and levitating forces were 0.26 and 1.7 N m −2 A −2 . The movement of the slider in a particular direction (right or left) was obtained by choosing the driving mode. Coombs et al. presented a micro-motor, where the rotor was levitated by superconducting bearings [74] . The bearings were self-positioning, relying on the Meissner effect to provide a levitation force which moved the rotor into position, and flux pinning to provide stability thereafter.
Optical Levitation Micro-Actuators
Micro-actuators have benefited from light, either directly from an actuation force to create movement and force [75] , or indirectly to induce chemical, mechanical, electrical, thermal and other effects to be exploited as the actuation force [76] . Optical levitation (or as the optics experts say, optical trapping/tweezing (OT) [11] [12] [13] [14] 77] ) in microactuators is used as one form of direct actuation force to levitate and manipulate components of a device or objects of interest.
The idea of optical trapping was initiated by Ashkin et al. in the 1970s, where it was shown that milliwatts of laser power can control and trap micron-sized latex particles in a liquid environment in 2D [78] . This first optical trap was created by two counter propagating beams. Later, Ashkin showed that a highly focused single laser beam can trap a transparent particle in 3D and hence the name optical tweezers was given to this phenomenon [79] .
The optical trap is created when an equilibrium state is reached between two optical forces, known as the scattering and gradient force. They are imposed on a particle located in the electromagnetic field of a highly focused light beam. The scattering force acts on a particle in the direction of the light propagation, and gradient force pulls the particle back towards the region of high electric field intensity of the beam. This equilibrium is reached by using a high numerical aperture (NA) focusing component to create the appropriate ratio of the two forces with respect to each other ( Figure 6 ). NA is defined as NA = n sin(α), in which n specifies the refractive index of the surrounding medium, and α is the focusing angle. Furthermore, 3D optical traps occur when using NAs of above 0.75, however, the most efficient optical traps are created by using NAs of above one. The high NA is commonly provided by an immersion microscope objective for trapping objects in a liquid environment. Other approaches such as the use of single or multiple optical fibres [80] [81] [82] [83] [84] , photonic crystals [85, 86] , and diffractive optics [87] [88] [89] [90] are intensively pursued as well. Optical waveguides [91] are also used to create an optical trap, either by means of so-called Laguerre-Gaussian mode beam profiles [11, 92, 93] , or other beam intensity profiles, by applying beam shaping elements [94, 95] . The focus of this research has always been on increasing the efficiency of the trap by increasing the optical force applied to a levitated object. The applied optical forces are usually in the range of 10 s of pN. Stable optical trapping of microscopic particles of 25 nm to 10 µm diameter is successfully practiced by several research and commercial [96] [97] [98] groups.
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Levitated Particle/Micro-object:
Sphere Cross Rod Figure 6 . Schematic of a highly focused laser beam to create an optical trap and levitate particles or micro-objects. Particles or micro-objects of arbitrary shape (sphere, cross and rod) can be trapped in an optical trap.
Optical tweezers not only enable the contactless levitation of particles, but also create a torque to rotate the particle. The value of the optical torque is usually around 100 s of pN nm. This is possible by various approaches such as transferring orbital angular momentum [99] [100] [101] , manipulation of the light polarization state/direction [102] [103] [104] , application of circular or elliptical polarization [105] [106] [107] , or varying the intensity distribution of the beam [108] [109] [110] . Higurashi et al. [111] used the latter approach to show rotation of micro-objects of specific shape with cross-sectional diameter of 12-15 µm, in a high and low refractive index medium with rotational speed of 6 r.p.m. In another work they showed that micro-objects with rotational symmetry can also rotate in an optical trap [112] . Such successful examples of optical levitation and optically driven rotation has paved the way to use light in the field of microactuators.
In addition, the development of two photon lithography [15] eased the fabrication of arbitrary-shaped 3D microrotors out of transparent photopolymers, and resulted in successful demonstration of optically driven micropumps and microvalves in microfluidic devices. The first micromachine was shown by Galadja and Ormos in 2001 [113] , in which rotors of helix, sprinkler and propeller shape fabricated by two photon lithography and of less than 5 µm diameter were optically levitated and rotated. Similar developments made it possible to make and control microdevices with great precision. Examples of such microdevices included microstirrers [106, 114] , microvalves [115, 116] , micropumps [117] [118] [119] and manipulators [120, 121] .
Hybrid Levitation Micro-Actuators
An attractive application of LMAs is that they provide one of the best mechanisms with which to handle very small and fragile objects, for example when the force required for handling is limited by thermally fluctuating forces due to Nyquist and Johnson noise. Two ways for guiding the level of fluctuating forces, which also define the limit of performance of LMAs, have been hlrecognized and implemented. The first technique decreases the friction in the LMA by controlling vacuum, since the fluctuating force due to Nyquist noise, F N = 4k B Tµ∆ f , is thereby directly controlled. However, the Johnson noise force, F J = √ 4k B Tc, limits the possibility to control fluctuations only by means of vacuum. It requires controlling the dynamics of the actuator as well, which can be achieved by a combination of different force fields and brings us to extend our list of classifications of LMAs by the term hybrid levitated micro-actuators (HLMA).
An HLMA based on a combination of electric and inductive force fields, in which the vertical component of stiffness of an inductive suspension can be controlled and varied in a wide range, was proposed by Poletkin et al. [122] . The concept was realized in a micro-prototype reported in [123, 124] , where electrostatic forces acting at the bottom and top surfaces of the inductively levitated disc maintained its equilibrium position, and, at the same time, decreased the vertical component of stiffness of the inductive suspension by means of increasing the strength of the electrostatic field. In 2015, Poletkin et al. presented an HLMA based on the same combination of force fields, where linear and angular positioning, bistable linear and angular actuations, and the adjustment of stiffness components of a levitated disc having a diameter of 2.8 mm and a thickness of 13 µm, were implemented [125] .
Moreover, HLMAs based on a combination of electric and inductive force fields found application in gyroscopes, accelerators and transporters. Thus, Tsai et al. inductively levitated a conducting cap-shaped rotor, and electrostatically revolved it with a speed of 2000 r.p.m. [52] . Subsequently, Kraft's group proposed a design of the accelerator and experimentally demonstrated that a 1×1 mm 2 sized and 7 µm thick micro object could be levitated to a maximum height of 82 µm and propelled forward continuously at a maximum average forward velocity of 3.6 mm s −1 [126] . In 2016, Poletkin et al. demonstrated a prototype of a micro-transporter employing 3D micro-coil technology and electrostatic actuation to propel a levitated micro-object [57] . [126, 132] Combining diamagnetic and electric force fields, Kauffmann et al. successfully levitated several repulsively charged picolitre droplets, performed in a ∼1 mm 2 adjustable flat magnetic well, which was provided by a centimeter-sized cylindrical permanent magnet structure [128] . The application of the HLMA using the same combination in micro-motors was exhibited by Liu et al. [129] and Xu et al. [130] .
In 2009, Liu et al. presented an HLMA, where diamagnetic and inductive force fields were combined [131] . Such a hybrid actuator provides an improvement in the energy performance of an LMA in comparison with that based on diamagnetic or inductive effects only.
Summary and Future Trends
In this review, levitating micro-actuators have been surveyed. It was observed that, in order to employ the phenomenon of electro-magnetic levitation in micro-actuators, a wide spectrum of physical principles have been utilized and successfully implemented by using different techniques for micro-fabrication. This fact already gave rise to a new generation of micro-actuators, which have found application in a widespread domain as summarized and shown in Table 1 . However, the potential, and the resulting capabilities of levitating microactuators have not yet been exhaustively demonstrated, mainly due to a number of remaining technological challenges.
Electric levitation micro-actuators have been well established from the micro-fabrication point of view. However, an accurate control of the gap between a levitated mass and surrounding electrodes is required to be efficient. Solving this issue by employing the active control for stable levitation increases complexity for designing ELMA, which in turn restricts the possibility of improving their performance for the current application and shrinks their domain of further application.
Using a permanent magnet in magnetic, diamagnetic and superconducting levitation micro-actuators has a manifest benefit, such as passive levitation without the requirement of direct energy consumption. However, magnetic levitation employing static magnetic fields either requires new diamagnetic materials with a high magnetic susceptibility (>1×10 −4 ), or novel high temperature superconducting materials. The development of effective fabrication techniques for the integration of permanent micro-magnets is also required.
Recent improvement in the performance of inductive levitation micro-actuators by means of using 3D micro-coil technology together with the integration of a polymer magnetic composite material for flux concentration has established ILMA as a promising integrated element of micro-systems. Nevertheless, further development of the magnetic properties of electroplated soft magnetic layers is required.
In the field of optical levitation micro-actuators, the microscope objective is the most widely used setup to provide a levitating force. However, this setup is bulky and still suffers from the diffraction limit, which limits the size of objects to be levitated. Clearly, novel optical systems must be developed.
Another point is that levitation itself will benefit from improvements in the performance and capabilities of LMA through a combination of different force fields (hybrid levitation). A key potential feature of HLMA is to use passive levitation. In particular, inductive levitation produces a passive levitation effect, which can be combined with all other force fields without interrupting the stability. This fact leads to new combinations. For instance, inductive levitation of a permanent micro-magnet interacting with a DC electric current will improve the energy performance of the LMA. A combination of an inductively levitated micro-object with an optical force field for revolution and transportation will improve the functionality of the LMA. Other combinations of force fields are of course also possible.
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